A noncontact testing and characterization approach for microscale structures based on air-coupled acoustic excitation and optical sensing is proposed and demonstrated. Using an air-coupled transducer to externally excite and a laser Doppler vibrometer/interferometer to capture transient displacement wave forms, the experimental approach results in a technique to determine mechanical properties of microscale structural elements. The effectiveness of this method has been demonstrated on commercially available microcantilever beams and microscale rotational oscillators fabricated for this study. The resonance frequencies and mechanical properties ͑Young's modulus and stiffness͒ extracted from the transient displacement wave forms have been compared, with good agreement, to computational and simplified analytical models for each case. It is also shown that the technique could serve to diagnose stiction problems of microscale structures. Some potential advantages of the approach described include the simplicity of the test setup, functionality at room conditions, noncontact and nondestructive operations, and repeatability and rapid turn-around time for the evaluation of modal parameters and mechanical properties of microscale structures.
I. INTRODUCTION
As the complexity and functionality of microscale mechanical systems ͓e.g., microelectromechanical systems ͑MEMS͒ and biosensors͔ constantly accelerate, the need for testing and characterization techniques for microscale structures increases. Actuation induced by an electrostatic method and laser-induced thermoelastic stresses allow for a test of the structural behavior at the microscale level. In an electrostatic study, 1 displacement is measured using deflections caused by actuation voltage. Based on that voltage, "electrostatic pull-in," or displacement, is related to a stress parameter and a bending parameter from which Young's modulus, stiffness, and residual stresses are extracted. This method requires embedded electrical systems, making it unsuitable for the testing of structures that are purely mechanical or weakly electromechanically coupled. In the thermoelastic excitation mechanism, 2 a pulsed laser causes a temperature difference between a device layer ͑a microcantilever beam in that study͒ and its substrate. This localized heating effect induces a transient stress which vibrates the structure. From the transient displacement wave forms, measured optically by a helium-neon ͑HeNe͒ laser and a photodetector, resonance frequencies are attainable through signal processing. Contact based base excitation has also been proposed for microscale structure testing. In a method using a piezoelectric shaker attached to an aluminum vacuum chamber, 3 the transient displacement response of a MEMS structure within the chamber was recorded by a laser Doppler vibrometer ͑LDV͒. From these responses, resonance frequencies of a structure could be determined. This technique requires contact with the target device and handling in a vacuum chamber. Another contact method, using broad bandwidth contact ultrasonic transducers for the modal characterization of MEMS devices, called a bulk acoustic wave ͑BAW͒ hammer has been demonstrated. 4 The BAW hammer excites the target device via an ultrasonic transducer attached to the base of the MEMS structure. Resonance frequencies were then calculated from the dynamic response data collected by a LDV. This approach also requires direct contact to the test sample. Contact with the test sample can lead to device contamination and damage. Contact based base excitation is also used to characterize the work of adhesion between a microsphere and a flat surface. 5, 6 Various other proposed methods for extracting material properties for microscale structures are often destructive. Uniaxial tension testing has been adapted to the field using MEMS actuators. The actuators are either electrically 7 or thermally 8 driven MEMS devices which perform traditional uniaxial tension testing on microscale material samples or MEMS devices. This approach works well for material testing; however, as a destructive and contact method, its use for routine batch-scale device characterization and testing for wafers is limited.
In a current study, a noncontact, nondestructive testing and mechanical characterization method based on aircoupled acoustic excitation and transient displacement measurement using a laser Doppler interferometer/vibrometer for the determination of mechanical properties of microscale a͒ structures is reported. Experiments were performed at room conditions. Using an air-coupled transducer in conjunction with a LDV, a structural element is excited and induced vibrations are measured without contact with the microscale structure nor its substrate. Modal parameters ͑resonance frequencies and mode shapes͒ of the microscale structure can be extracted from the transient displacement wave forms and compared with computational predictions such as a finite element ͑FE͒ analysis. As the modal properties are functions of material and geometric properties of the microscale structure, various mechanical properties, including stiffness and Young's modulus, may be extracted from the measured transient displacement wave forms. A similar approach was introduced for millimeter-scale layered structures ͑drug tablets͒. 9 The main advantages of the proposed excitation and measurement mechanism over other approaches ͑e.g., electrostatic, laser-induced thermoelastic excitation, base excitation͒ include the simplicity of the setup, functionality at room conditions, noncontact and nondestructive operations, and repeatability and rapid turn-around time for the evaluation of modal parameters and mechanical properties of microscale structures.
II. EXPERIMENTAL SETUP
To demonstrate the utility and effectiveness of the proposed noncontact approach, two types of microscale structures ͑microcantilever beams and microscale rotational oscillators͒ were tested and characterized. Few changes are required to modify the equipment setup to accommodate different microscale test pieces ͑Fig. 1͒. The air-coupled acoustic transducer and the test piece are the only parts swapped out to ready the experimental setup for a new trial.
In the experimental setup for the microcantilever beams ͑tipless noncontact cantilever beams, TL-NCL, Nanosensors Inc.͒, a microcantilever beam ͑Fig. Through the objective lens of a microscope, the laser beam is focused as a submicron spot onto the upper surface of the cantilever beam ͑Fig. 2͒. Theoretically, the laser probe beam can be focused to a 0.5 m spot through the use of the 100 ϫ microscope objective. A charge coupled device ͑CCD͒ camera attached to the optical microscope is employed to visualize the measurement zone of the cantilever beam while transient displacement data are acquired. This computer controlled setup has provided a precise laser spot placement for measurements at desired locations on the tested microscale structures. The air-coupled transducer is excited by square pulse generated by a pulser/receiver unit ͑model 5077PR, Panametrics͒. The propagation of the acoustic field transmitted by the air-coupled transducer causes vibrations of the microcantilever beam within a broad bandwidth range of 174 kHz-1.78 MHz which is the 6 dB bandwidth of the transducer. The acquired transient displacement wave forms are digitized and averaged through the digital oscilloscope and transferred to the computer ͓Fig. 1͑a͔͒.
The resonance frequencies of the microscale structure are extracted from the acquired transient displacement wave forms using a fast Fourier transform ͑FFT͒ routine. Since the resonance frequencies are functions of the mechanical properties and geometric attributes ͑dimensions and defects͒, as well as the residual stress state of a structure, the analysis of multimode excitation data can be utilized in testing for mechanical properties ͑e.g., Young's modulus and stiffness͒ and geometric attributes ͑e.g., thickness and mass loading͒ of a microscale structure. In this study, only mechanical properties were evaluated.
To adapt the experimental setup for testing the microscale rotational oscillator ͑Fig. 3͒, the microcantilever beam was replaced by the microscale rotational oscillator and the broadband air-coupled transducer was swapped for a focused air-coupled transducer ͓Fig. 1͑b͔͒. The broadband unfocused transducer used for the microcantilever setup was ineffective in exciting the microscale rotational oscillators. The microscale rotational oscillators needed to be vibrated from above as sufficient energy was not transferred from air-coupled excitation of the substrate from below, as was the setup for the microcantilever beams. This limitation necessitated the employment of focused transducers used to excite the microscale structure from above and at an angle. Due to the limited frequency range of the focused transducers, it is required that low-end and high-end frequency excitations occur to excite the desired range of vibrational modes ͑50 kHz-1 MHz͒. Two air coupled transducer configurations ͑225 and 400 kHz transducers, QMI͒ positioned at a focal distance of 30.5 mm from the test piece were used for the microscale rotational oscillator. The rotational oscillator is excited, and the experimental setup is used to acquire the out-of-plane transient displacement. In-plane transient displacement wave forms were acquirable as the rotational oscillator surfaces were not placed perfectly perpendicular to the LDV beam. The alignment allowed transient displacement wave forms for the in-plane modes to be collected. Wave forms are then analyzed to obtain resonance frequencies and to extract certain mechanical properties, such as Young's modulus and structural stiffness, of the tested structure.
Additionally, the air-coupled excitation method provides the ability to test for disk separation from the substrate. As the microscale rotational oscillator is designed to be freestanding above a substrate, it is quite possible that stiction due to capillary and van der Waals forces 10 resulting from the wet etching processes would hold the microscale rotational oscillator to its substrate ͑Fig. 3͒. Since the gap between the disk and the substrate is inaccessible, the verification of the existence of the gap is not a trivial problem. Using the aircoupled transducers and LDV based approach in this study, the frequency responses of the substrate and structure may be compared. If the disk is freestanding from its substrate, the air-coupled acoustic field will excite the resonance frequency of the disk rather than the substrate and the emergence of the resonance frequencies of the freely suspended disk will be noticeable. The apparent difference in resonance frequencies and the emergence of resonance frequencies different from those of the substrate excitation suggests that the disk is indeed freestanding.
III. EXPERIMENTAL RESULTS
Using the noncontact setup ͑Fig. 1͒, it is demonstrated that microcantilever beams can be excited and transient dis- 
placement wave forms can be acquired. The beam base ͑Fig. 2͒ was held rigidly horizontal and in line with the LDV and excited from below by the transducer. The broad bandwidth air-coupled transducer ͑VN Instruments, Inc.͒ was excited at a 300 V square pulse by the pulser/receiver unit at a frequency of 1 MHz. Transient displacement wave forms were acquired ͑Fig. 4͒. The fundamental frequency ͑f 1 ͒ of the microcantilever beam was determined to be 187.5 kHz by the FFT of the transient displacement wave form ͑Fig. 4͒. The out-of-plane resonance frequencies for the microcantilever beams with trapezoidal cross sections are expressed in the Euler-Bernoulli beam model as
where I z = h 3 ͓͑a 2 +4ab + b 2 ͒ /36͑a + b͔͒ is the cross-sectional area moment of inertia about the z axis ͑Fig. 2͒, ␤ n l is the weighted frequency, n is the mode number ͑for a fixed-free cantilever beam, ␤ 1 l is approximated as 1.875͒, and l is the length of the beam ͑Fig. 2͒. The material mass density of the silicon is taken to be = 2330 kg/ m 3 . 11 The Young's modulus value for bulk silicon in the direction of 110 is assumed to be E = 169 GPa by the cantilever beam manufacturer for their calculations. The specified dimensions of the microcantilever beam with a trapezoidal cross section presented here are as follows: the beam length l = 209 m, the beam height h = 6.9 m, the lower surface of the beam width a =45 m, the upper surface of the beam width b =30 m, and the cross-sectional area A = 258.8 m 2 . The moment of inertia is found to be I z = 1.013ϫ 10 −21 m 4 . From the Euler-Bernoulli beam model ͓Eq. ͑1͔͒, these properties provide a theoretical fundamental resonance frequency of 215.8 kHz. The manufacturer's specified ͑calculated͒ frequency for the microcantilever beam based on the specified nominal dimensions and E = 169 GPa is 217 kHz. Differences may be attributed to fabrication irregularities in dimensions and/or differing material properties such as Young's modulus or density. These values vary significantly from the experimentally determined resonance frequency of 187.5 kHz. However, according to the specifications provided by the microcantilever manufacturer, the actual cross-sectional dimensions of the beam are within 20% deviation from the specified dimensions. From these manufacturers' tolerances, the lower bound of the range is found by adding or subtracting 20% to the dimensions except the beam length ͑l͒, h = 5.52 m, a =54 m, and b =24 m. Based on Eq. ͑1͒ and using E = 169 GPa, = 2330 kg/ m 3 , and the previously discussed geometry, the lower bound for the fundamental resonance frequency range was calculated to be 151.8 kHz. The experimentally determined fundamental resonance frequency of 187.5 kHz is within this range and, therefore, specifications.
Based on the experimentally extracted resonance frequency of 187.5 kHz, using Eq. ͑1͒, and the specified nominal dimensions, Young's modulus is determined to be E = 127.5 GPa and a beam stiffness of k z =3EI z / l 3 = 42.4 N / m ͑Fig. 2͒. According to the specifications provided, the stiffness is k z = 57 N / m. Using the 20% dimensional deviation and Young's modulus E = 169 GPa, as listed by its manufacturer, a stiffness as low as k z = 28.9 N / m for the beam is calculated. The Young's modulus and stiffness for the experimentally determined, specified, and theoretical cases are all acceptably close. Differences in Young's moduli may be attributed to surface oxidation which reduces the Young's modulus of the microcantilever beam and/or, more likely, fabrication irregularities or defects caused by handling of the microcantilever beam.
This noncontact characterization approach has also been applied to the microscale rotational oscillators ͑Fig. 3͒, where the experimentally acquired fundamental resonance frequencies were compared to a FE model and a simplified analytical model.
A microscale rotational oscillator was placed in line with the LDV ͑Fig. 1͒. A 225 kHz air-coupled transducer ͑AS225Ti, QMI͒ was used to excite the oscillator around its in-plane fundamental resonance frequency. A 400 kHz aircoupled transducer ͑AS400Ti, QMI͒ targeted the excitation of the higher frequencies. From the 225 kHz transducer data, excited at 250 kHz at a pulse repetition rate of 100 Hz with a pulser voltage of 300 V, the first in-plane fundamental resonance frequencies were determined at 240.5 and 242.5 kHz for two rotational oscillator disks ͑samples 1 and 2͒ in Figs. 5 and 6, respectively. Comparatively, 267.0 and 266.4 kHz first in-plane resonance frequencies were calculated by the FE and simplified analytical model ͑based on E = 175 GPa, = 2330 kg/ m 3 , and the nominal device geometry͒, respectively. Using the 400 kHz air-coupled transducer, excited at 500 kHz at a pulse repetition rate of 100 Hz with a pulser voltage of 300 V, the out-of-plane resonance frequencies were determined at 888.0 and 888.7 kHz for two rotational disk oscillators ͑samples 3 and 4͒ in Figs. 7 and 8 , respectively. 878.8 and 868.8 kHz out-of-plane resonance frequencies were calculated from the FE and simplified analytical model ͑E = 175 GPa, = 2330 kg/ m 3 , and the device geometry͒, respectively.
Additional transient displacement wave forms were acquired at a number of points on the substrate. These measurements were to assist in determining which frequency peaks corresponded to those of the oscillator disk rather than resonance frequencies of the test piece ͑chip͒ as a whole. The resonance frequencies obtained from the substrate transient   FIG. 4 . ͑a͒ Temporal and ͑b͒ frequency responses of the microcantilever beam at its tip. The peak at 187.5 kHz corresponds to the fundamental resonance frequency.
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J. Ricci and C. Cetinkaya Rev. Sci. Instrum. 78, 055105 ͑2007͒ displacement wave forms were compared to the oscillator's resonance frequencies to evaluate whether a specific resonance frequency corresponded to the oscillator disk or the silicon substrate. For example, in Figs. 5 and 6, the peak around 200 kHz corresponds to the substrate excitation frequency. If a peak is evident on the oscillator frequency plot, but not on the substrate frequency plot, then that specific peak corresponds to a resonance frequency of the oscillator. The comparison is provided in Figs. 5-8 , where the resonance frequencies summarized in Table I 
from the FFT of the rotational oscillator displacement wave forms. Following the same logic, this result also indicates that the disk is freestanding from the substrate; therefore, stiction is demonstrated to be not a problem for this particular fabrication process. If the disk is freestanding from its substrate, the air-coupled acoustic field will excite the resonance frequency of the disk rather than the substrate and the emergence of the resonance frequencies of the freely suspended disk will be noticeable. The obvious difference in resonance frequencies of the disk and substrate suggests that the disk is indeed freestanding. Based on the Euler-Bernoulli beam model, the first inplane and out-of-plane resonance frequencies of the microscale rotational oscillator are obtained as follows:
where k y is the in-plane spoke stiffness, k z is the out-of-plane spoke stiffness, I o is the mass moment of inertia of the disk with respect to the central point o ͑Fig. 3͒, m is the mass of the spoke and disk structure, the radius of the central circular disk is r =40 m, and six spokes ͑N =6͒ of rectangular cross section are spaced regularly to anchor the central disk to the substrate. The length of each spoke is l =35 m and the width of the spoke is b = 1.1 m. Both the spokes and the disk have a depth of h = 5.0 m. The value for Young's modulus E = 175 GPa was approximated from the range provided for bulk silicon in the 100 direction provided by a documented nanoindentation experiment. 11 From the geometry and Young's modulus, the moments of inertia were found for the rectangular cross section to be I y = 5. ͑out of plane͒ for the first modes of motion using the Lanczos method. In Table I , the experimentally determined frequencies are compared with the FE and simplified model predictions.
From the experimentally determined resonance frequencies, the Young's modulus and stiffness of the microscale rotational oscillator were back-calculated. For the out-ofplane case, the spoke stiffness ͑k z ͒ can be calculated from the experimentally determined resonance frequencies of 888.0 and 888.7 kHz for samples 3 and 4, respectively, with a mass of 5.9ϫ 10 −13 kg, as used in the simplified analytical formula ͓Eq. ͑2͔͒. Based on these data, the spoke stiffness is found to be 306.1 N / m, in agreement with the 293.9 N / m stiffness predicted by the simplified analytical model. From k z , Young's modulus is calculated to be 182.3 GPa from the experimentally acquired out-of-plane resonance frequency. These results indicate that the noncontact experimental method is effective for the determination of resonance frequencies, Young's moduli, and stiffnesses for microscale rotational oscillators.
IV. DISCUSSION AND REMARKS
It has been demonstrated that the resonance frequencies of microscale structures can be excited with air-coupled transducers and their transient responses can be acquired optically for the determination of mechanical properties such as Young's modulus and stiffness. Analytical and computational resonance frequencies of the microcantilever beam and microscale rotational oscillator are compared with experimentally determined frequencies with good agreement.
For the microcantilever beam, a fundamental resonance frequency of 187.5 kHz was experimentally obtained. This approximation was within the 20% dimensional tolerance allotted by the beam's manufacturer dimensional specifications. An analytical calculation ͑from E = 169 GPa, = 2330 kg/ m 3 , and the reported geometry͒ showed 215.8 kHz comparable within 0.6% of the 217 kHz declared by the manufacturer and within 13.2% of the experimentally determined fundamental resonance frequency. From the experimentally obtained resonance frequency, Young's modulus of the microcantilever beam was found to be 127.5 GPa with a stiffness of 42.4 N / m for the specified dimensions. The 127.5 GPa Young's modulus is significantly lower than 169 GPa, the value provided by the manufacturer; assuming no dimensional variations, this deviation ͑24.5%͒ may be attributed to material property alterations such as oxidation of silicon and is unaccounted for in the FE model and/or analytical formulas.
For the microscale rotational oscillator, fundamental inplane resonance frequencies of 240.5 and 242.5 kHz were experimentally determined for samples 1 and 2, respectively, within 10% of the 267.0 and 266.4 kHz calculated by the FE analysis and a simplified analytical model ͑from E = 175 GPa, = 2330 kg/ m 3 , and the device geometry͒, respectively. The resonance frequency of the first out-of-plane mode was identified at 888.0 and 888.7 kHz for samples 3 and 4, respectively, within 2.5% of the 878.8 and 868.8 kHz calculated by the FE and simplified analytical models, respectively. From the measured fundamental resonance frequency, Young's modulus of 182.3 GPa and an out-of-plane stiffness of 306.1 N / m were determined. The experimentally calculated Young's modulus for silicon is within 4.2% of the approximated 175 GPa, and the experimentally determined out-of-plane stiffness is within 4.2% of the expected 293.9 N / m ͑based on E = 175 GPa, = 2330 kg/ m 3 , and the device geometry͒.
Using air-coupled excitation in conjunction with a LDV, the resonance frequencies, Young's modulus, and stiffness of microscale structures with known geometries can be effectively determined. In addition, the system can diagnose stiction problems for a particular microscale structure through the comparison of substrate and structure responses to the air-coupled acoustic field. The method seems easily adaptable to various microscale structures. The main advantages of the proposed excitation and measurement mechanism include the simplicity of the setup, functionality at room conditions, noncontact and nondestructive operations, and repeatability and rapid turn-around time for the evaluation of modal parameters and mechanical properties of microscale structures. The results reported in this study indicate that the air-coupled excitation approach could lead to a practical method for the evaluation of modal and mechanical properties of microscale structures using this noncontact and nondestructive technique.
